This paper attempts to provide an optimum loading schedule of power generating units with the least cost by solving a unit commitment (UC) problem and to present good estimates of cost differences when UC problem is not applied. UC is a fundamental optimization problem of power generation systems which determines the optimum schedule of generating units which minimizes generation costs. However, for small power generation firms which are situated in developing countries, UC-based problems are poorly understood if not implemented and the scheduling of generating units is based on some methodologies which may provide results that are not optimal. Thus, a case study in a small power generation firm in central Philippines is carried out to elucidate these objectives. The case requires a solution of the mixed-integer nonlinear programming (MINLP) problem. Results show that the proposed UC-based problem yields optimal costs and the cost disparity from the current scheduling scheme is approximately at 27% which may be considered as potential cost savings. This shows that UC-based problem provides a reliable platform in achieving minimal generation costs. These results are significant to decision-makers particularly in small power generation firms and to engineering practitioners in the Philippines and in some developing countries as these provide an overview of the disparity of cost figures of not implementing UC.
Introduction
In power generation systems, unit commitment (UC) optimization problem is vital in solving a basic level dispatch decision [1] . UC is considered as a complex optimization problem that determines the load of each power generation unit satisfying the load demand of the generation system in a specified planning horizon. Its complexity is further enhanced by special constraints that conform to some system and physical conditions [2] such as meeting emission limits, addressing market requirements, and incorporating renewable energy sources. The main objective of the basic UC is to minimize total generation costs while meeting system requirements. The form of the constraints of the basic UC resembles largely the constraints of the widely known economic load dispatch (ELD) problem which is comprehensively discussed in domain literature [3] . The main departure of UC from ELD is the output production plan and schedule for a specified time interval or planning horizon, for example, daily, weekly, and monthly.
Due to the complexity of the UC problem not to mention its nonlinear property, various techniques have been proposed to address certain issues. The complex behavior of UC has challenged many domain scholars in solving the optimization problem. Some of these classic but plausible techniques include the priority list method [4] and 2
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Lagrangian relaxation method [5] . These techniques however encounter problems in obtaining feasible solutions and the time needed to obtain global optimal values is generally long. Following this difficulty, conventional and metaheuristic approaches are recently used to address various extensions of UC or ELD such as the mixed-integer linear programming (MILP) model [6] and differential evolution model [7] . Each of these approaches has its own corresponding strengths and limitations. As of the time being, there is no dominant approach that addresses majority of the UC or ELD problem and its extensions.
Over a decade and a half ago, state regulations of various countries have driven power generation industries from the monopolistic characteristics to competitive wholesale markets. This intensifies competition among firms in the industry and survival depends primarily on the costs required in their power generation process. Competition is introduced through a spot market entity that acts as a poolbased electricity market. Following this market competition, power generation firms need to produce electricity at the least possible cost. In advanced knowledge-based economies, this dilemma is basically addressed by solving UC or ELD problems and the cost minimization approach lies on the selection of power generating units that have good fuel consumption profiles. However, the same is not true in developing countries particularly in small power generation systems where UC or ELD problems are rarely understood and implemented. The dilemma of cost minimization is evidently rooted from the arbitrary loading plan because of not implementing the UC problem. Thus, this work attempts to present a case study of implementing a UC problem in a power generation firm situated in a developing country, that is, the Philippines. The objective of this work is twofold: (1) to address the generation cost minimization problem by way of solving a UC problem and (2) to document and present some good estimates on the cost differences of actual versus hypothetical costs generated from the use of the UC problem. This paper is significant for engineering practitioners in developing countries such as the Philippines as it provides them an overview of cost disparities of not implementing the UC model in power generation industries. A case study is implemented in a small peaking power generation firm in central Philippines. The case firm, due to its size, has the option of purchasing power from the market. This constraint is added in the basic UC problem. The contribution of this work is in implementing the UC problem in a small power generation firm in a developing country and in documenting estimates of possible cost reduction following the use of UC.
Literature Review

Unit Commitment.
Raju et al. [1] described a unit commitment problem (UC) as an elementary level scheduling process of power systems. While economic load dispatch (ELD) assumes that all generating units are online, UC determines which units to dispatch, start up, shut down, ramp up, or ramp down. UC typically answers the problem "Given that there are a number of subsets of the complete set of generating units that would satisfy the expected demand, which of these subsets must be used in order to provide the minimum operating cost?" [8] . UC is more applicable for peaking plants since generating units of these plants are not usually online all the time. UC focuses on scheduling generating units to meet the forecasted load demand over a time period or planning horizon under different operational constraints [9] . Its prime objective is to reduce total generation costs particularly fuel costs [1] . With the UC problem, ELD becomes a subproblem. Sendaula et al. [10] developed a model that attempts to solve the UC problem and ELD problem simultaneously. UC is also used to determine current electrical resources to fulfil the load demand and allocate margin of operating reserve over a considerable amount of time [11] . UC problems are usually modelled as mixed-integer nonlinear programming (MILP) problems with a number of binary variables [8] . Bakirtzis et al. [12] proposed a model that can produce a planned schedule of generation units with consideration on the ex ante price. The model also has the capability to generate a unit commitment and economic dispatch schedule for a 24-hour look-ahead schedule.
With the deregulation of the power generation industry and the introduction of the power market pool, UC and ELD have been transformed to address the growing need of having minimal generation costs in order for power generation firms to be market competitive [13, 14] . These two models have incorporated bilateral contracts in their objective function. This enables production requirements to match customer demands. These models aim to determine prices for each bid [14] . Heredia et al. [13] developed a unit commitment model with considerations of bilateral contracts in their model. They also developed constraints that produce bidding strategies for a generating firm's participation in a market pool. Furthermore, they also looked into the selling of excess energy to the market pool. The electricity spot market is where power producers bid their production capacity to potential buyers [13] . The process of bidding and purchasing is defined as providing an energy block with corresponding price per bidding interval. Also power generation firms have to define the demand of their customers per bidding interval and the capacity firms are willing to generate. A considerable number of scholars have studied well UC with considerations of participating in a market pool, may it be a price taking or price making generation firm.
UC problems also have expanded to the scheduling not only of generating units but also of the maintenance of these units [15, 16] . Furthermore, UC problems have also expanded to include the probability of the generating units to break down [17] . These extensions are effective in determining the chance of failure of the generating units and the scheduling of these units. This is useful in both UC and ELD problems since generating units experience wear and tear which entail corresponding costs [18] [19] [20] .
Extensions on the Basic Unit Commitment Problem.
The following subsections present some key emerging extensions of the basic UC problem. Note that the list is not intended to be exhaustive.
Economic Emission Dispatch.
Power generating firms emit harmful pollutants that contribute to global warming which affects all inhabitants [21] . Regulations in some countries require power plants to generate power at a tolerable level [22] . There have been a lot of approaches to solve this issue, namely, installing emission control equipment in power plants, switching to low sulfur coal, replacing aged fuel burner with newer ones, fuel switching, and emission dispatch [23] . Emission dispatch has been the ideal one due to its minimal capital requirement and ease of implementation [24] . The economic emission dispatch now focuses on minimizing emission and total fuel costs while still meeting different system requirements. It is a multiobjective nonlinear constrained optimization problem [22] . A lot of studies allocate different weights for each of the objective functions and selecting from a Pareto-optimal solution set based on the decision-maker's preference [23] . However, Granelli et al. [25] reduced the problem into a single objective function by considering emission as one of its constraints within an acceptable limit.
Sustainable Economic Dispatch.
Sustainable production has been one of the many current environmental issues due to the diminishing of fossil fuel sources. To address this issue, power generation firms have leaned on renewable energy sources as a means to produce power [26] . However, most large storage systems rely on a mix of conventional and renewable sources due to its unpredictability in nature [27] . The probabilistic nature of these generating units has challenged many domain researchers to model its cost function. Some studies force the model to impose fuzzy logic in analyzing the uncertainty of these units [28] . Another approach addresses the complex behavior of these models using mixed-integer linear programming model [12] .
Demand Induced Dispatch.
The conventional power system runs their generator in a "load-flowing" manner and the supply-side of the equation is given most of the time an emphasis [29] . It is assumed that the demand side, which is the other side of the equation, is constant in the day ahead scheduling processes [30] . Capacity shortages, however, are not taken into account during peak hours. This issue was addressed by building more power plants that would be underutilized during lean hours just to satisfy the demands during the peak hours [30] . The issue was addressed through a remarkable approach which is the demand induced dispatch. In the demand induced dispatch approach, customers are expected to be flexible and should meet a unanimous decision with the supplier whether to reduce load and shift the load and by consumption mode switching [29] . Load shifting only changes the time of the day when the load is switched but the total demand of the day remains the same as emphasized by Papaioannou et al. [31] .
The change in electric usage by end-use customers to their usual consumption rates is addressed through demand response models [32] . It can be either instantaneous or prescheduled [33] in order to answer the instability of electricity prices, incentives designed to induce lower electricity use at peaking hours, high market prices, and system's reliability [32] . The models are considering prices of power at short intervals making it interesting. Also, these models look over the capabilities of the power generation market that anticipates hourly demand [34, 35] . Those who distribute or regulate electricity to improve better manageability to system operators and optimize their role in power systems and those who maximize revue for the providers used this models as stressed by Magnago et al. [33] . There are two classifications of the extensive categories and those are emergency and economic. Then the balance of supply and demand becomes a major concern; emergency models are allocated while on the other hand economic models are more voluntary to reduce potential demand if compensation is just.
Distributed Generation.
One of the problems of large power grids is the high cost of transporting fuel and incorporating generating units that are far from the grids. Due to that, remote areas far from the grid were not provided with reliable and affordable power. The creations of smaller scale generating units which are the "microgrids" are the only seen solution. To address this issue, distributed energy is generated and stored by a number of small scale "microgrids," self-contained power plants which are controlled by large power grids but are located near to the load they provide [36] . Microgrids entail higher cost than conventional sources because they usually run on renewable energy sources and that would mean zero emission to the environment [37] . Safdarian et al. [38] said that microgrids contain a higher risk due to uncertainties but are integrated with demand response models to curtail power demand easily. However, Kayal et al. [37] disputed that distributed generations will have a large impact on innovations of power system structures because it provides eco-friendly, dependable, and cost-effective electricity to consumers. Thus, distribution companies are giving ample time to improve power quality while maximizing the benefits leading to reasonable bill payments.
While the preceding extensions, from Section 2.2.1 to Section 2.2.4, address specific issues that can be integrated in the classical UC problems, little or no information is available on quantifying the expected benefits of using the UC optimization problem especially in peaking power plants situated developing countries where unfamiliarity of the UC optimization model is dominant. Moreover, following the case condition, purchasing power from the market is integrated into the classical UC problem by treating it as a separate power generating unit with known cost figures. This situation is not well addressed in current literature. These two issues are the main departure of this work.
Model Formulation
The following notations are used in this section:
( ): cost rate function of generator (in monetary unit, e.g., Php).
: load of the generator required at interval (in MW). : total system demand (in MW).
: internal consumption (in MW). Due to the close relevance of UC and ELD problems, ELD problem formulation is first presented in this section. Given that there is number of generating units with cost rate (cost per MW) and output of (MW), the cost of generation for unit is the product of and . The total generation cost of a plant with generating units is . The objective is to minimize . Hence the objective function can be written as
The cost rate is known to be a polynomial function with a degree that needs to be computed by way of curve fitting or regression analysis. The cost rate is taken from the gross input and net output curve of the generating unit. The input is defined as the total expense of the unit-fuel consumption and usually includes labour cost, among others. The output of the unit is the total power generated by the unit in terms of megawatt (MW) unit. ( ) can be represented as a seconddegree polynomial
where , , and are constants of the cost function which can be determined using curve fitting techniques. The nature of the second-degree polynomial shown in (2) is discussed by [8] .
In the basic ELD formulation, the constraints of the optimization model consist of the energy balance and the capacities of the power generation units. The energy balance is defined as the total generation is equal to the sum of the total system demand ( ) and the system loss ( ). The power balance constraint is transformed into
where is the demand output of the firm, is the system loss to be incurred, and is the output of generating unit .
On the other hand, the capacities of the generating units can be expressed as
where ,min is the minimum load generating unit which can operate efficiently, ,max is the maximum load generating unit which can operate efficiently, and is the output of generating unit for time interval . In the UC problem, the optimization model is slightly modified. UC has the same prime objective function which is to minimize total generation costs but this now includes start-up and shutdown costs since it assumes that generators are offline. UC can be also considered as a stochastic problem since it considers the needed demand for time interval for the planning horizon . The optimization problem now minimizes the costs of generating power including the start-up and shutdown cost of generating units at a given interval. The objective function is now modelled as
where is the load required of generating unit at interval and is the commitment state of generating unit at interval . is a binary variable where 1 is for online state and 0 is for offline state. For the basic UC model, the constraints of the ELD are modified to represent the time intervals generating units which are operating. is used in UC instead of to take into account the specified planning time horizon present in the UC problem. This differentiates the UC problem from the ELD problem:
min, ≤ ≤ max, ∀ , .
Ramp rates are taken into account in UC since generating units have different rates as to how fast it could change its load. The ramp-up and ramp-down limits are represented as follows:
−1 − ≤ DR , if power generation decreases,
where −1 is previous hour power generation of the th unit. UR and DR are the upper and down ramp rate limits of the th unit, respectively. Upper ramp rate is the rate of increase in the load of the generating unit. Down ramp rate is the rate of decrease of the load of the generating unit. Spinning Journal of Engineering 5 reserve constraint defines the available minimum reserve that a certain plant must have. Spinning reserve is defined as the load that can be dispatched immediately. It can be dispatched immediately since the spinning reserve is the excess capacity of a generating unit that has not yet been dispatched. This constraint is defined as
where is the excess capacity of a generating unit that has not yet been utilized. SP is the total excess capacity of the firm; otherwise it is known as spinning reserve.
Case Study
Case Information.
The UC optimization problem was applied at a power plant in central Philippines, particularly in Cebu. This power plant is located in an export processing zone and is a subsidiary of a large energy and power firm in the Philippines. It a peaking diesel-fired power plant with a nameplate capacity 50 MW and a dependable net capacity of 43 MW. It is operating for little over 17 years with an annual project cost of Php 1.7 B, approximately equal to US$ 38 M and total investment of US$ 1.9 M. It was financed through various means, that is, a combination of debt and equity finances over time. It currently employs 47 regular employees and a number of contractual and subcontractual employees. It supplies 22 MW and 5 MW to two major customers which are firms in the vicinity of the export processing zone. The rest of the generated power is sold to wholesale electricity spot market (WESM). The case firm has four diesel-fired engines type 16V 52/55 A diesel engine, manufactured by MAN B&W 1983 in Augsburg, Germany. Its bore and stroke are measured to be 520 mm/550 mm. Its operation cycle is 4-stroke, single acting. The four engines have a nameplate rating of 12,824 KW/unit and speed of 450 rpm, a mean effective pressure of 18.3 BAR, a mean piston speed of 8.25 m/s, and firing pressure of 130 BAR. It is installed with a turbocharger by MAN B&W, type NA 57 that has a mode of supercharging that is constant pressure. Diesel generator 1 (DG1) that has output of 1 was commissioned last February 1, 1998. Diesel generator 2 (DG2) that has output of 2 was commissioned last January 16, 1998. Diesel generator 3 (DG3) that has output of 3 was commissioned last January 3, 1998. Diesel generator 4 (DG4) that has output of 4 was commissioned last December 25, 1998 .
The ideal conditions of the plant are as follows:
Maximum ambient temperature: 38 ∘ C.
Minimum ambient temperature: 18 ∘ C.
Average relative humidity: 80%.
Altitude above mean sea level: 7.6 m.
Fuel heating value: 17,300 Btu/lb. The plant is connected to the Luzon-Visayas grid through the Cebu-Negros line and Cebu-Leyte-Samay line. The plant is identified in the grid as 5EAUC G01 and is connected through Mactan. The capacity and demand of energy are taken to be the maximum capacity and demand per month. The system capacity is the total capacity the Luzon-Visayas grid can accommodate. It is taken to be the maximum energy all the plants have offered at an interval in a month. There is no inclusion of the Mindanao grid since it is not yet connected to the Luzon-Visayas grid. The capacity of the Visayas grid is taken to be the maximum energy all plants in the Visayas have offered. The contribution of the studied plant in the Visayas capacity is only 43 MW since 43 MW is the net dependable output of the plant. Figure 1 shows the capacity map of the case firm in relation to the Visayas capacity and the system capacity in a span of eight months in 2015. It can be shown that the case firm capacity is evidently small.
The actual demand per month is taken to be the peak demand that was recorded at that month. The demand is taken to the amount of power (MW) that was sold. Figure 2 shows the demand map of the case firm in relation to the system demand and the Visayas demand.
It can be observed in Figure 2 that the case firm's market share compared to the whole systems' demand and the Visayas' demand is very minimal. Thus, the case firm can be considered as a 50 MW peaking power plant which is a small power firm. The dispatch decisions of the case firm are based on the priority list method in conjunction with the Merit-Order Loading method. For the unit commitment the plant has the priority list; it is where generators are prioritized based on running hours. The committed units through the priority list method are to be dispatched to its maximum capacity before committing another unit next in the priority list. This is referred to as the Merit-Order method.
Demand requirement forecast is usually done a day ahead. Since the case firm is a small power plant, it can purchase power from the market to supply relatively small demand for a particular time interval. Currently, the purchase decision depends on the actual demand for a given time interval, that is, hour, and the current market price of power.
General Procedure.
In general, the procedure of carrying out the research problem is detailed as follows.
(1) Input fuel and output power quantities are obtained from the case firm. The gross input (Php) per generating unit is plotted against its net power output (MW). Second-degree curve fitting, as shown in (2), is done for each generating unit to determine the function relating power and input fuel cost. Since the case firm has four generating units, four curves are then generated. These functions become input to (1) and eventually (5). Since start-up and shutdown costs are negligible, these are not reflected in the cost function. With the presence of market participation, the cost function becomes
where is the cost or market price at time , +1 is the amount of power to be bought by the case firm from the market at time , and +1 is a binary variable where +1 = 0 means that the case firm will not purchase from the market and +1 = 1 means that the case firm must purchase from the market at time . Due to the nonlinear property of ( ) ∀ , with the binary variables ∀ , , the optimization problem becomes a mixed-integer nonlinear programming (MINLP) problem. Equation (10) becomes the objective function of the optimization problem.
(2) Hourly power demand ( ) of the case firm is presented using (6) . This is equal to the sum of all power output generated by all dispatched generating units including the market in a given time period, that is, hour. The power loss ( ) in (6) is negligible in the case firm. Thus,
Equation (6) becomes the demand requirement constraint of the optimization problem.
(3) Minimum and maximum power limit of each power generation unit for all time periods are plugged into (7). The limit of +1 is
Equations (7) and (12) become the generation limits constraints of the optimization problem.
(4) Obtain the optimal solution of the optimization using Lingo5 optimization software with global optimizer. The computation time is insignificant.
(5) Record the optimal cost for a particular time interval and prepare the optimal power generation schedule.
(6) Compare the optimal cost with the actual cost of the case firm. Compute the difference of theoretical costs which are obtained by the solving the MINLP UC problem and the actual costs of the case firm.
Results and Discussion
To obtain the fuel cost curves of the generating units, the fuel consumption per generating unit in one hour at certain loading (MW) intervals, from the minimum to the maximum, was recorded. The product of the price (Php) of fuel per liter (L) and the volume of fuel per hour (Php/h) was plotted against the loading. Figures 3-6 represent the cost functions DG1 to DG4, respectively. The coefficient of determination (
2 ) and the least-squares function = ( ) were also reported in Figures 3-6 .
For DG1, results for the curve are shown in Figure 3 . The vertical axis represents the output in monetary unit, that is, Php, while the horizontal axis is the input in MW. This is also true for Figure 4 through Figure 6 . The function 1 ( 1 ) = −6.8264 1 2 + 2995 1 + 3925.4 follows the one presented in (2) with 2 = 0.99424. For DG2, the results for the curve are as follows: 2 ( 2 ) = −82.1 2 2 + 3868.9 2 + 2458.6 also follows the one presented in (2) with 2 = 0.99647. For DG3, the results for the curve are as follows: 3 ( 3 ) = −28.13 3 2 + 3207.9 3 + 3591.7 with 2 = 0.99898. Lastly, for DG4, the results are as follows: 4 ( 4 ) = 11.906 4 2 + 2911.7 4 + 3626.4 and 2 = 0.99709. The hourly demand is taken from the actual dispatch schedule provided by the case firm for a span of one month, 24 hours a day. Equation (11) 5 . There is no stated system loss since the energy does not pass a transmission line. Also the measurement of the output was taken directly from the main source; hence loss is minimal and negligible. The form of (7) for DG1 is 6 ≤ 1 ≤ 11.1, ∀ . The form of (7) for DG2 is 6 ≤ 2 ≤ 11.0, ∀ . The form of (7) for DG3 is 6 ≤ 3 ≤ 11.5, ∀ . The form of (7) for DG4 is 6 ≤ 4 ≤ 11.1, ∀ . The minimum load for all generators is pegged at 6 MW since it is in this loading schedule that the generators emit less pollutants and are efficient in burning fuel. Although they have the same engine types, they have different maximum limits due to their differences in running hours and parts replaced. There is no calculated start-up or shutdown costs. They are not included in the computations since the start-up and shutdown costs for the plants diesel engines are instantaneous and thus negligible. Also ramp rates are not considered since they are not applicable for the operation of the case firm. The case firm can easily and instantaneously ramp up or ramp down their loadings. Spinning reserve is not calculated since the plant and the Philippine market do not use it. There are no restrictions with regard to the market as to how much a plant's spinning reserve should be on any given interval.
The MINLP problem for the case firm is shown in the following:
Using Lingo optimization software with the historical values provided by the case firm, a sample 24-hour dispatch schedule with 3-hour interval is shown in Table 1 . For instance, the 16-18 interval shows that 11 MW, 9.28 MW, and 6 MW must be generated by DG2, DG3, and DG4, respectively, with 24.16 MW being bought from the market (WESM). The optimum cost for this schedule is Php 124,795.60, approximately equal to US$ 2,773.24 with 1 US$ = Php 45. However, the recorded cost of the case firm on this interval is Php 173,906.61 (US$ 3,864.59) as shown in Table 1 . The difference (actual cost − optimum cost) is Php 49,111.01 (US$ 1,091.36). With a record of 29 days, the MINLP model is run to complete the analysis. Table 2 shows the sample daily dispatch schedule. It is observable that the disparity of costs, that is, optimal and actual costs, is significant. Finally, Table 3 presents the overall results in a month. Table 3 shows that the optimum cost of the month using the UC MINLP problem should have been Php 11, 928, 513 Figure 7 illustrates the summary of weekly cost differences. The reported cost differences are due to the optimum schedule generated from the UC problem which provides a more sound technical mathematical formulation of the problem. The developed model utilized the result of the MINLP problem for the UC problem through the branch and bound algorithm and the Lagrangian relaxation method by way of presenting the problem in the context of KarushKuhn-Tucker (KKT) conditions which is considered as a general approach in solving nonlinear constrained optimization problem. See Ocampo et al. [39] for a sample computational approach of the KKT conditions. The actual dispatch of the company utilizes the priority list method with Merit-Order Loading which may not provide optimal or least cost. The developed optimization model for the UC problem can better determine the proper schedule of load to be generated with the least fuel cost. It also provides a guideline on the optimum amount of power to be purchased from the market pool. Using the UC problem as the platform, the case firm could benefit annual estimated savings of US$ 470,500.
Conclusion
Unit commitment (UC) problem is a fundamental problem in power generation systems in providing a dispatch schedule of power generating units that minimizes generation cost in terms of fuel. However, for power generation firms especially small firms situated in developing countries, UC problem is poorly understood if not implemented. This study highlights the application of UC problem in a small power plant in the Philippines with the aim of illustrating the use of UC problem and determining cost disparities between actual and computed values. Results show that it is beneficial for small peaking plants to adopt UC-based models when determining the loading schedule for generating units to achieve minimum cost. This is also applicable when the firm has the option of purchasing power from the market pool. The results generated provide a loading strategy which shows better results in terms of costs than the current method of the case firm. It also shows that a good estimate of cost disparity for not adopting the UC problem is at 27% which could be possibly translated to savings for the firm. Thus, UC-based models provide a reliable procedure for scheduling power generation units which would yield the least cost. Future research directions include the incorporation of other relevant constraints to the model such as running hours and maintenance schedules.
